Angiogenesis plays an important role in myocardial repair after myocardial infarction (MI). Cardiac micro-vascular endothelial cells (CMECs) are important participants in myocardial angiogenesis processes. Recent studies have revealed that Nuclear factor-erythroid 2-related factor 2 (Nrf2), a master transcription factor of endogenous anti-oxidative defense systems, exerts cardio-protection in the cardiovascular system. However, the role of Nrf2 in the process of myocardial angiogenesis and corresponding mechanisms are not fully understood. Thus, the present study investigated the role of Nrf2 in the angiogenesis of rat CMECs to hypoxia. Trans-well assay, three-dimensional Matrigel assay were used to determine cell migration and vascular tube formation. Real-time RT-PCR, ELISA and Western blot were measured mRNA and protein expression. Here, we report that the mRNA and protein expression of Nrf2 and heme oxygenase-1(HO-1) were temporarily upregulated under hypoxic condition. Furthermore, knock down of Nrf2 significantly suppressed the migration and vascular tube formation of rat CMECs to hypoxia, Nrf2 knockdown also significantly decreased HO-1 and vascular endothelial growth factor (VEGF) expression at 48 h after transfection under hypoxic condition. Finally, transfection of CMECs with the Nrf2 over-expressing lentiviral vector upregulated HO-1 expression with a concomitant increase in cell migration and vascular tube formation induced by hypoxia, and this effect was greatly attenuated in the presence of ZnPP (a HO-1 inhibitor). Taken together, these results suggest that Nrf2 may mediate the angiogenesis of CMECs under hypoxic condition, and HO-1 is involved in regulating the angiogenesis of CMECs through Nrf2. Therefore, Nrf2 is a potent regulator of hypoxia-condition mediated angiogenesis in CMECs, which may provide a therapeutic strategy for myocardial repair after MI.
Introduction
It is firmly established that angiogenesis, the process whereby new micro-vessels form from preexisting vessels involving the proliferation, migration, sprouting, and tube formation of endothelial cells [1] , plays an essential role in many physiological and pathological processes including embryonic development, tissue repair, tumor progression and metastasis, and revascularization of the myocardium following myocardial infarction (MI) [2, 3] . Currently, angiogenesis is being investigated as a therapy for
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International Publisher patients with advanced coronary artery disease (CAD). The formation of new blood vessels attributed to angiogenesis is critical for supplying the healing infarcted myocardium with oxygen and nutrients to sustain metabolism, ultimate to smaller territories of ischemic myocardium [4] . It is thought that cardiac micro-vascular endothelial cells (CMECs), a specific cell type derived from coronary micro-vessels, play a central role in the pathological processes of angiogenesis [5] .
Nrf2 belongs to the Cap'n'collar (CNC) family of basic leucine zipper (bZip) transcription factor [6] . Under normal conditions, Nrf2 is sequestered in the cytoplasm by Kelch ECH associating protein 1(Keap1) and remains inactive. However, upon exposure to oxidative stress, Nrf2 is released from Keap1, tranlocates into the nucleus and stimulates antioxidant response element (ARE)-dependent phase II gene expression [7, 8] . There is increasing evidence to suggest that the role of Nrf2 in cardio-protection, such as fighting against pathological cardiac remodeling by suppresses oxidative stress and cell death [9, 10] , protection myocardium from ischemia /reperfusion injury by upregulating of antioxidative enzymes [11] , and delay atherosclerotic lesions [12] . Moreover, the studies supporting a role for Nrf2 in angiogenesis have shown that Nrf2 may promote vascular development through protection of the retina from hyperoxia induced oxidative stress in vivo [13] , and that Nrf2 knockdown inhibits colon tumor angiogenesis in vitro [14] and cervical cancer growth in vivo [15] . In addition, Pendyala et al reported that Nrf2 regulates lung micro-vascular endothelial cell migration and angiogenesis by upregulating hyperoxia-induced Nox4 expression [16] . Recent study revealed that hypoxia is able to induce Nrf2 expression in human aortic endothelial cells [17] . Though these findings suggest that Nrf2 may be closely associated with angiogenesis, but the role of Nrf2 in CMECs angiogenesis under hypoxic conditions and underlying mechanism is not clear. A better understanding of how Nrf2 can regulate the CMECs angiogenesis process may lead to novel therapeutic strategies in the treatment of myocardial repair post-MI.
The present study was designed to investigate the effect of Nrf2 on migration and tube formation in rat CMECs under hypoxic conditions, and elucidate its underlying mechanism in these processes. Our results showed that Nrf2 knockdown inhibited migration and tube formation in cultured rat CMECs under hypoxic conditions. Moreover, Nrf2 knock-down media decrease HO-1 expression. Conversely, transfection of CMECs with the Nrf2 over-expressing lentiviral vector upregulated HO-1 expression with a concomitant increase in cell migration and vascular tube formation in response to hypoxia, and this effect was greatly attenuated in the presence of zincprotoporphyrin (ZnPP).
Materials and Methods

Isolation and culture of CMECs
Adult male Sprague-Dawley rats weighting between 200 and 250 g were obtained from the Laboratory Animal Center of southwest Hospital, and CMECs isolated as described previously [18, 19] . Isolated CMECs were cultured in Dulbecco's modified Eagle's medium (DMEM Hyclone, USA) containing 15% fetal bovine serum (FBS Gibco, USA), 100μg/ml streptomycin, and 100U/ml penicillin at 37 o C in a humidified incubator of 5%CO 2 . The endothelial phenoltype was confirmed by using VIII factor (Beyotime, China) antibodies with immunocytchemistry analysis. Cells from passages 2-4 were used in all experiments. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No.85-23, revised 1996). The animal protocol was approved by the animal Research Committee of The Third Military Medical University.
Cell transduction
Transfection of Nrf2 shRNA(r) Lentiviral Particles (shRNA-Nrf2) (SC-156128-V, Santa Cruz, USA) and control shRNA Lentiviral Particles-A (shRNA-control) (SC-108080, Santa Cruz, USA) were performed according to the manufacturer's instructions. Control shRNAs encoded scrambled sequences that should not lead to the specific degradation of Nrf2 mRNA. CMECs were transduced with shRNA-Nrf2, shRNA-control, respectively, for 48 h before being used in experiments. Uninfected CMECs were used as a blank control.
The recombinant lentivirus vector encoding enhanced green fluorescent protein and Nrf2 (Len-Nrf2) and the lentivirus control vector encoding EGFP alone (Len-control) were both obtained from Neuron Biotech (Shanghai, China). CMECs were infected with lentivirus vectors at a multiplicity of infection (MOI) of 20 in six-well plates for 48 h. The Nrf2 levels were determined by western blot analysis and real-time RT-PCR 48 h post-transduction.
Cell migration assay
CMECs migration was determined using a transwell chamber (8.0 um membrane pores, Milipore, USA) assay. Approximately 2×10 4 cells at 48 h after transfection in 200μl of serum-low medium were placed onto the upper chamber in triplicate, and 500μl of DMEM with 15% FBS was placed in the lower chamber [20] . The plates were incubated for 12 h at 37 o C in 1% O 2 , 5% CO 2 , 94% N 2 . Cells on the top surface of the membranes were removed by cotton swabs and the cells on the bottom surface were fixed in 4% paraformaldehyde and stained with Gentian violet. Migrated cells were counted under a Leica phase contrast microscope in five random high-power fields. All groups of experiments were performed in triplicate.
In vitro angiogenesis assay
In vitro endothelial cell tube formation assay in three dimensional Matrigel culture was used as a surrogate assay for angiogenic potential. Matrigel was thawed on ice overnight, and Matrigel (250μl) was preplaced in a 24-well plate. The gel was allowed to solidify while incubating the plates for 30 minutes at 37°C. CMECs (1 × 10 5 ) at 48 h after transfection with shRNA-control or shRNA-Nrf2 were transferred onto 24-well Matrigel. Endothelial tube formation was evaluated after incubation at 37°C in 1% O 2 , 5% CO 2 , 94% N 2 for 12 h. The degree of tube formation was quantified by measurement of the length of tubes in five distinct low-power fields under an inverted phase contrast microscope using ImagePro Plus (verson 6.0). Each experiment was repeated three times, and each treatment was probed in three wells.
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated using a Trizol reagent (Takara, China). One Step RT-PCR kit from Takara was performed according to the manufacture's instruction. The respective forward and reverse primers used were as follows: Nrf2, 5′-CACGGATGATGCCAGCCAG-3′ (forward), and 5′-GCCCGCCCAGAAGTTCAGAGAG-3′ (reverse). HO-1, 5′-CGCCCCCTTCCTGTGTCTTC-3′ (forward), and 5′-CCGCCTCTACCGACCAVAGTT-3′ (reverse). VEGF, 5'-GTGGAAGAAGAGGCCTGGTAATG-3' (forward), and 5'-GTCCTGCCCCATTGCTCTGT ACC-3' (reverse). Real-time RT-PCR was carried out by using the SYBR Green PCR Master Mix. PCR conditions were as follows: 40 cycles of 94°C for 30 s; 57°C for 30 s; and 72°C for 30 s. The PCR products were analyzed by electrophoresis. The amount of target gene mRNA was normalized to the level of β-actin mRNA. Each experiment was repeated three times.
Nuclear extracts and western blot analysis
Nuclear extracts were prepared using a nuclear extraction kit according to the manufacturer's protocol. Western blot analysis was performed as described previously [21] .
ELISA
VEGF protein levels were determined using a rat VEGF ELISA kit from R&D Systems, Inc. (Minneapolis, MN). In brief, CMECs at 48 h after transfection with shRNA-control or shRNA-Nrf2 were growth arrested and incubation at 37°C in 1% O 2 , 5% CO 2 , 94% N 2 for 12 h. The culture supernatants were collected, and cell numbers were counted. VEGF in the supernatant (200μl) was determined, and normalized to the cell numbers.
Statistical analysis
The statistical analyses were all performed by using SPSS 17.0 software. Data are expressed as means ± SD from three independent experiments and were analyzed by using one-way ANOVA tests. A value of P < 0.05 was considered significant.
Results
The proteins and mRNA expression of Nrf2 and HO-1 were temporarily upregulated in CMECS under hypoxia conditions
The expressions of Nrf2 and HO-1 under hypoxic conditions were studied by real-time RT-PCR and western blotting analysis. As shown in Fig.1A , after short-term exposure to hypoxia (1h, 2h, 4 h, 12 h, and 24 h) , we found that Nrf2 protein expression was upregulated compared to normoxia-control (n = 3, P < 0.05). Nrf2 protein expression was upregulated beginning at 4 h, and increased gradually within 24 h, the same result was shown by Nrf2 expressions at the transcriptional level (n = 3, P < 0.05, Fig.1B) . Interestingly, we also found that Nrf2 protein and mRNA expression were temporarily upregulated compared to normoxia-control (n = 3, P < 0.05, Fig.1C and D) in long-term exposure to hypoxia (12h, 24h, 48 h, and 72 h), the maximum expression of Nrf2 was observed after 48 h. Under long-term exposure to hypoxia (12h, 24h, 48 h, and 72 h), the same result was shown by the protein and mRNA expressions of HO-1 (n = 3, P < 0.05, Fig.1E and F) . These results indicate that Nrf2 and HO-1 expression were upregulated during the early stage of cardiac adaptive hypoxia and decreased in the process of CMECs responses to long-term hypoxia.
Nrf2 knockdown inhibits the migration and tube formation in CMECs to hypoxia
The migration of CMECs plays a key role in the angiogenesis. To evaluate the effect of Nrf2 knockdown on migration of CMECs to hypoxia, trans-well assay was used to study.
First, shRNA-Nrf2 or shRNA-control was transfected into the CMECs. After 48 h of transfection, the mRNA and protein expression levels of Nrf2 were detected by real-time RT-PCR and western blot analysis. Compared with the shRNA-control, transfection with shRNA-Nrf2 significantly abated Nrf2 mRNA and protein expression at 48 h post-transduction (n = 3, P < 0.05, Fig. 2A and B) . These results indicate that transfection with shRNA-Nrf2 was effective in rat CMECs.
Next, as shown in Fig.2C , transfection with shRNA-Nrf2 significantly decreased migration of CMECs to hypoxia 12 h at 48 h post-infection compared with the shRNA-control (n = 5, P<0.05). These results reveal that knockdown of Nrf2 markedly inhibited the migration in CMECs to hypoxia.
Last, a three dimensional Matrigel assay was used to assess the effect of knockdown of Nrf2 on tube formation of CMECs to hypoxia. We found that transfection with shRNA-Nrf2 markedly inhibited the tube formation of CMECs to hypoxia 12 h compared with the shRNA-control (n = 5, P<0.05, Fig. 2D ). These results demonstrate that Nrf2 knockdown significantly suppressed the tube formation in CMECs to hypoxia. 
Nrf2 knockdown impact of HO-1 and VEGF on CMECs angiogenesis following to hypoxia
To elucidate the downstream effectors of Nrf2, we examined the HO-1 and VEGF expressions. We found that knockdown of Nrf2 by shRNA significantly decreased HO-1 mRNA and protein expressions compared with the siRNA-control, as determined by real-time RT-PCR (n = 3, P < 0.05, Fig.3A ) and western blotting assays (n = 3, P < 0.05, Fig.3B ). At the same time, as shown in Fig.3C and D, a significantly decrease in VEGF mRNA levels analysed by real-time RT-PCR (n = 3, P < 0.05) and a slight decrease in VEGF protein levels analysed by ELISA (n = 3, P < 0.05) were detected compared with the shRNA-control. Taken together, these results demonstrate that Nrf2 affects downstream target genes such as HO-1 and angiogenic growth factors VEGF in CMECs following to hypoxia.
Involvement of HO-1 in Nrf2 over-expressing promotes the migration and tube formation in CMECs to hypoxia
To investigate the effect of HO-1 on the increased migration and tube formation by Nrf2 overexpression, CMECs were treated with zinc protoporphyrin(ZnPP)(Sigma), an inhibitor of HO activity. As shown in Fig.4A and B, CMECs were transfected with either Len-control or Len-Nrf2. Nrf2 overexpression significantly increased Nrf2 mRNA and protein expression levels compared with the Len-control after 48 h of transfection(n = 3, P < 0.05). These results indicate that transfection with Len-Nrf2 was effective in rat CMECs. At the same time, we found that Nrf2 overexpression markedly increased HO-1 mRNA and protein expressions compared with the Len-control, as determined by real-time RT-PCR (n = 3, P < 0.05, Fig.4C ) and western blotting assays (n = 3, P < 0.05, Fig.4D ). Furthermore, transfection with Len-Nrf2 markedly increased migration of CMECs in response to hypoxia 12 h compared with the Len-control (n = 5, P<0.05, Fig.4E ). The same effect was shown by tube formation of CMECs to hypoxia 12 h (n = 5, P < 0.05, Fig.4F ). However, we found that Znpp markedly inhibited the effect of increased migration and tube formation by Nrf2 overexpression (n = 5, P<0.05, Fig.4E and F) . These findings further support the notion that Nrf2 may promote migration and tube formation of CMECs to hypoxia involve transcriptional activation of HO-1. 
Discussion
In the present study, we investigated the role of Nrf2 in the regulation of the processes of angiogenesis in CMECs to hypoxia. The principal new finding demonstrated that Nrf2 is a powerful regulator of the processes of angiogenesis in CMECs to hypoxia. Our results show that the Nrf2 and HO-1 expressions were temporarily increased under hypoxic conditions. Knockdown of Nrf2 by Lentiviral delivery of shRNA significantly suppressed the migration and tube formation of CMECs to hypoxia. Nrf2 knockdown sequentially downregulate HO-1 and proangiogenic factor VEGF expression in CMECs to hypoxia. Nrf2 over-expressing upregulated HO-1 expression with a concomitant increase in cell migration and vascular tube formation induced by hypoxia in CMECs, and this effect was greatly attenuated in the presence of ZnPP. Collectively, these studies suggest that Nrf2 may mediate angiogenesis of CMECs under hypoxic conditions through upregulating HO-1 expressions.
Recent researches revealed that short-term exposures to hypoxia upregulated Nrf2 expression in human aortic endothelial cells in vitro [17] and rat brain in vivo [22] . Interestingly, two studies reported that Nrf2 expression was transiently increased and then declined to the basal level while impairment of cardiac function proceeded [9] and in the rat middle cerebral artery occlusion (MCAO) model [23] in vivo. However, the Nrf2 expression levels in myocardial angiogenesis post-MI are not been understood. So this study evaluated the time course expressed regularity of Nrf2 in CMECs under hypoxic conditions, mimicking the myocardial angiogenesis processes post-MI. Our results showed that Nrf2 expression was upregulated at very early date (4 h), then gradually increased within 48 h, and peaked at 48 h, finally decreased at 72 h under 1% O2 condition. At the same time, we found the Nrf2 expression was increased accompany by upregulating HO-1 expression. These provided the evidence that Nrf2 expression continues to rise at very early time after MI, upregulation of Nrf2 at early stage may bring great benefit to the myocardial repair post-MI.
Angiogenesis, the formation of new blood vessels from preexisting vasculature, is essential in the myocardial repair post-MI. All the major steps of the angiogenesis process involving proliferation, migration, sprouting, and tube formation in endothelial cells. However, although endothelial cells proliferating is common hallmark of angiogenic micro-vascular sprouts, extensive sprouts can grow for periods of time, mainly by the endothelial cell migration [24] . Recent study has also reported that Nrf2 depletion enhances platelet-derived growth factor (PDGF)-stimulated vascular smooth muscle cell migration but not cell proliferation [25] . It is well known that angiogenesis is an innate response to decreased myocardial oxygen delivery after MI. Hypoxia is a major initiator of the angiogenic switch. Moreover, CMECs, a specific cell type derived from coronary micro-vessels, are important participants in myocardial angiogenesis processes [5] . However, there are no previous studies studying the effect of Nrf2 on angiogenesis in CMECs hypoxic condition. Although Valcarcel's [26] study demonstrated that knockdown Nrf2 impaired proliferation, migration, and tube formation in human coronary arterial endothelial cells, and imply Nrf2 pathway is essential for a healthy endothelial angiogenic response, they did not reveal the effect of Nrf2 on angiogenesis in CMECs in response to hypoxia. Our results show that knockdown Nrf2 inhibited rat CMECs angiogenic activity under hypoxia 12 h, including cell migration and tube formation, Conversely, Nrf2 overexpressing can promote the migration and tube formation in CMECs in response to hypoxia. Recent studies also reported that Nrf2 might promote migration and tube formation in lung micro-vascular endothelial cell by upregulating Nox4 expression [16] and promote endothelial cell sprout formation by upregulating ATF4 expression [27] . In animal experiments, recent study has demonstrated that genetic depletion of Nrf2 significantly inhibited retinal deep or secondary capillaries network development, which is known to form by angiogenesis in most species [13] . These studies were suggestive of an association of Nrf2 with the regulation of angiogenesis in vitro and in vivo. As is known to all, hypoxia plays an important role in promoting tumor angiogenesis. Many studies had confirmed that knockdown of Nrf2 suppresses tumor angiogenesis [14, 15] . Moreover, hypoxia may induce myocardial angiogenesis. Therefore, therapeutic angiogenesis is a new revascularization strategy in myocardial repair post-MI. The effect of Nrf2 on cell angiogenesis under hyperoxic conditions has been demonstrated in many studies. Hyperoxia may result in lung injury and retinal blood vessel obliteration. Knockdown of Nrf2 inhibited hyperoxia-induced cell migration and capillary tube formation in HLMVECs [16] . Additionally, Nrf2 may promote deep or secondary capillaries formation in Nrf2 wild type control mice exposed to hyperoxia or normoxia, which protect the retina from hyperoxia-induced oxidative stress [13] . In conclusion, our finding show that Nrf2 may mediate CMECs angiogenesis under hypoxia 12 h in vitro, and imply play an important role in myocardial repair post-MI at early stage. During oxidative stress Nrf2 transactivates a battery of anti-oxidant genes and other cytoprotective phase II detoxifying enzymes expression, such as HO-1. Recently, Sethy's research reported that the HO-1 expression was upregulated in rat brain under short-term chronic hypobaric hypoxia in vivo [22] . However, whether chronic hypoxia stimulated HO-1 expression in CMECs is not clear. Our results also confirm that HO-1 expression was temporarily increased in culture rat CMECs under chronic hypoxia. Recent studies underscore the critical role of HO-1 in angiogenesis. HO-1 can induce the production of vasculoprotective cytokines and media their proangiogenic action [28] . Haeme oxygenase promotes neovascularization after critical hindlimb ischaemia in mice in vivo [29] . Knockdown of HO-1 expression decreased arsenic induced VEGF expression, cell migration, and tube formation in human micro-vascular endothelial cells [30] . Hypoxia has been established as a major inducer of VEGF gene transcription. VEGF is one of the most effective angiogenic growth factors and has been show to the master regulator of angiogenesis [31] . A recent study demonstrated that Nrf2 blockade in colon cancer cells suppressed angiogenesis and tumor growth by inhibiting the activation of HIF-1α-VEGF signaling [14] . Another research also revealed oxidized phospholipids (OxPLs) may induce angiogenesis and upregulate VEGF mRNA in endothelial cell and that these effects were inhibited by knockdown of Nrf2 [27] . So we hypothesis the effect of Nrf2 on the angiogenesis in rat CMECs to hypoxia involved upregulating HO-1 and VEGF. Data from the present study show that knockdown Nrf2 may sequentially downregulate HO-1 and pro-angiogenic factor VEGF expression in rat CMECs under hypoxia 12 h. Furthermore, our results show that Nrf2 over-expressing induced upregulation of HO-1 expression in CMECs. At the same time, the effect of Nrf2 over-expressing promotes angiogenesis in CMECs to hypoxia may descrease by administrating Znpp. Our results suggest that under hypoxic conditions, transcriptional activation of HO-1 is mediated, at least in part, by Nrf2. Furthermore, the Nrf2/HO-1 pathway may involve in the angiogenesis in CMECs under short-term hypoxia.
In summary, the present study identifies that Nrf2 as a mediator of angiogenesis in CMECs under short-term hypoxic conditions; accompany the change of HO-1 and VEGF expression. These results indicate that Nrf2 may be a novel therapeutic strategy of angiogenesis in myocardial repair post-MI. Upregulation of Nrf2 expression at early stage may bring great benefit to the myocardial repair post-MI. The area of future investigation in our laboratory could further elucidate the effect of Nrf2 on myocardial angiogenesis at long-time stage in vitro and in vivo.
